The development of a gas turbine engine test cell facility is described in this paper. The test cell houses a mini turbojet engine and a mini turboprop engine. The two turbine engines have the same type of gas generator. The engines have been assembled by students using components purchased from the engine manufacturer. The test cell setup provides the aeronautical engineering undergraduate students with a variety of engine data during engine runs in both numerical and graphical formats by using a developed LabVIEW-based interface. The data acquired from the sensors allow the students to determine the component operating conditions and the air properties at the different stages along the air path. Through the lab experiments, the students are able to understand and validate the fundamental principles of gas turbine engines. More importantly, the lab provides the students with hands-on experience to apply the knowledge learned in classroom lectures to the real-time operation of turbine engines. The test cell facility promotes students interests in aeropropulsion.
I. Introduction
HE undergraduate students majoring in aeronautical engineering at Western Michigan University (WMU) conduct turbine engine testing in the lab portion of the Aeropropulsion Systems course. The Aeropulsion Systems course runs for one semester and is taught at the senior level. One objective of the course, as is described in the ABET syllabus, is to teach students the fundamentals at work for the turbine engine components and the propulsion system as a whole.
The Aeropropulsion System course, which is an introductory propulsion class at the undergraduate level in the Mechanical and Aeronautical Engineering Department, has also a lecture portion. In the lecture part of the class, the students learn the application of the various principles of thermodynamics and aerodynamics to the operation of turbine engines and their performance evaluations. The turbine engine testing lab supplements the theoretical knowledge acquired in the classroom by providing students with hands-on experience required for working with a turbine engine. The engine test sessions are normally conducted in groups of five to six students. Through various test runs, the students are able to understand and validate the reasoning behind assumptions and approximations invoked in classroom studies. The students run both scaled and full-size turbine engines. The full-size engine runs are conducted at the engine test cells in the Aviation College of WMU. Typically, the students will run turbofan and turboshaft engines, such as the Boeing T-50, during those cell runs. In addition, the students also run two scaled engines. One is a turbojet and the second is a turboprop engine. Both of these engines are based on a MW54 gas generator. As a result of the use of the different types of turbine engines, from turbojet to turboprop, and different sizes, from full to scaled, the course provides the student with a comprehensive knowledge of both the fundamental theory and the real-life operation of the propulsion systems in aeronautical engineering.
Despite its small size, the MW54 turbine engines used in the test cell perform all the basic functions of full-scale turbine engines. The engines have been selected mainly because of their simple setup and low maintenance, while providing the flexibility of operations necessary for propulsion education at the undergraduate level. The turbojet version of the MW54 engine was introduced in 2002. With only minor maintenance, the turbojet engine has provided stable and reliable engine operation experience to the students. The student responses received since then have been overwhelming in terms of both teaching and learning. To further enrich students' exposure to different types of turbine engines, a free turbine driven turboprop has been built recently in our test cell with purchased components and manufacturer-assembled sub-systems, such as the gear box. This addition further enhances the In this paper, we will focus on the use of the two scaled engines in the lab as our experience has shown that this handson lab, combined with the full-scale engine runs, has significantly improved the efficiency and effectiveness of the aeropropulsion education at WMU.
The MW54 runs on the Brayton cycle making use of a single stage radial compressor and single stage turbine. The combustion chamber is of the annular type with reverse flows for enhanced vaporization of the fuel and mixing of the mixture. Two types of fuel are used, with the propane during the startup and kerosene for normal runs. This necessary fuel change also allows the student to appreciate the finer points of an engine startup sequence, which are normally automated via an engine control unit (ECU). The turboprop version has a second stage free turbine to drive the propeller. The turboprop engine can generate three to five times more thrust, depends on the propeller size, than the turbojet engine. During a run, engine operation parameters and gas properties at the different stages along the air path can be determined by using the various instruments and data acquisition systems. The setup can be readily adapted for turbine engine research at both the undergraduate and graduate levels.
The engine testing allows students to experience first hand the operation of turbine engines. The lab part of the course presents exciting challenges to the students to apply their theoretical knowledge acquired in the classroom to the real-time driving of an engine. In fact, the engine runs have become one of the highly anticipated activities to students. The first time students successful start the engines, often after a number of failed attempts, always creates such an excitement that even the screeching engine noise becomes music to the ears. These successes could intensify students' enthusiasm in gaining additional knowledge about turbine engines outside the classroom and promote not only students interests in choosing a career in propulsion, but also their life-long learning.
II. MW54 Mini Turbine Engines

A. Turbojet Engine
The MW54 turbojet is a small-scale turbojet engine designed by Wren Turbines Ltd. MW54 uses a single stage centrifugal compressor, axial turbine, and a burner. A nozzle guide vane (NGV) guides the combusted air to the turbine. The engine uses propane as a secondary fuel supply for initial engine startup and can operate on either kerosene or Jet A-1 fuel. The combustion chamber is an annular reverse flow type of canister. Fuel is injected into the vaporizer tubes that direct the fuel vapor to the front of the combustion chamber where it is mixed with the air. The ignited mixture of fuel and air turns 180 degrees, in reverse flow, into the NGV.
B. Turboprop Engine
A partial cutaway of the mini turboprop engine is shown in Figure 1 . Other than the slightly modified turbine, the turboprop engine uses a similar gas generator as that in the MW54 turbojet engine. A large free turbine at the downstream of the main gas generator is used to drive the propeller through a reduction gear box. This allows the engine to produce higher torque at lower shaft speeds.
C. MW54 Engine Assembly
Turbojet
The engine parts were purchased from the manufacturer. They are then assembled by students at WMU. Prior to assembling the engine components, the drive shaft, the compressor, and the turbine have to be balanced. This is the most crucial part in the engine assembly process, as any imbalance in these components will cause the engine to vibrate during runs.
Once individually balanced, the components are assembled and balanced as a system. With the rotating components balanced, assembling the rest of the engine components takes patience and caution. 
Turboprop
The gas generator was purchased as a kit of parts from Wren Turbines Inc. and was assembled in house with a group of students during a propulsion course session. Due to the assembly tolerance of the second turbine to the gear box assembly, the drive unit was shipped as a complete unit and later assembled to the gas generator. Sensors and supply tubing were later installed after securing the turboprop engine to a test stand.
D. Engine Startup Procedure
Turbojet
Compressed air is directed to the inlet to spin up the drive shaft to about 10,000 RPM, when the compressed air valve is shut. Propane gas is then injected into the combustion chamber as the engine spools down slowly to 5,000 RPM. A glow plug is used to ignite the propane gas. Often a 'pop' sound can be heard and a noticeable rise in the exhaust gas temperature (EGT) will occur. Compressed air is then turned on again to spin up the engine. Kerosene fuel is pumped into the combustion chamber when the temperature registered by the EGT is above 100 O C. At the point, the continuous supply of propane will provide the flame to combust the kerosene fuel before the vaporizer tubes are hot enough to vaporize kerosene fuel. The propane and compressed air are cut off at 30,000 RPM and 40,000 RPM, respectively. From this point on, the kerosene is the sole engine fuel used in the combustion chamber. With the turbine extracting energy from the combusted fuel-air mixture and driving the compressor, the engine can idle at 45,000 RPM. The startup sequence, which takes a few seconds, requires that pilot who drives the engine to quickly operate four switches (compressed air, fuel, propane, and glow plug). Even with the use of a LabVIEW-based computer control interface ( Figure 2 ) to facilitate these operations (clicks of the mouse), it still normally take a student pilot a number of tries to get the engine started.
Turboprop
For the turboprop engine, the startup sequence is very similar to that of the turbojet engine. An auto-start kit was purchased for the turboprop engine to increase the consistency of engine starts. The auto-start kit includes an ECU, fuel and propane electric valves, and an electric motor with a mechanical clutch system. Once a start sequence is initiated, the ECU supplies power to spin up the electric motor. The mechanical clutch attached on the motor shaft will engage the spinner nut secured on the centrifugal compressor. After the initial spin up to about 5,000 RPM, the glow plug will ignite the propane, increasing the temperature in the combustion chamber. The starter motor will continue to wind the compressor while kerosene fuel is being combusted. Once the core shaft reaches 25,000 RPM, the propane supply will be stopped and at 35,000 RPM, the starter motor will stop and disengage the clutch. Gradual increase in the fuel supply will speed up the engine, until the idle speed of 45,000 RPM is reached. Compared with that of the turbojet engine, startup for the turboprop engine allows little variation, since it is fully controlled by the ECU. Consequently, students will be allowed to focus more on acquiring data.
It should be noted that a safety check is always conducted before the startup procedure is initiated. The student group walks through the test areas to clear debris and check valves and connections. Also as a safety precaution, a fire extinguisher is manned by a student group member during an engine run. Figure 3 shows a picture of the engine and the sensor arrangement. The engine thrust is measured by using a modified servo and a potentiometer. The engine is secured on a spring-loaded slider platform. The arm of the modified servo is connected to the platform by a connecting rod, allowing a conversion of the linear displacement of the engine platform due to the engine thrust to the angular motion of the servo arm. The servo arm is attached to a potentiometer that will provide resistance change due to its angular displacement. A correlation is then developed that determines the relation between resistance changes and engine thrust. A pressure gauge is installed to measure the case pressure. The pressure gauge is mounted in front of the control room glass window so that it is visible to the operator. Nylon tubing is used to link the pressure gage to the pressure port on the engine. A commonly used thermocouple is installed to measure the EGT. The lead of the thermocouple is placed through an opening in the exhaust cone, protruding only about 2 mm into the exhaust stream as per the specification. A magnet is built into the compressor nut, which is used to secure the compressor. The shaft RPM is measured using a Hall effect sensor. As the shaft rotates, the Hall effect sensor picks up the magnetic flux created by the magnet. A pulse signal is then sent to the ECU for RPM readout. Hall Effect sensor and the Full Authority Digital Engine Controller engine control unit (Fadec ECU) are designed and manufactured by Gaspar Espiell. A high accuracy flow meter and an infrared sensor purchased from DigiFlow Systems are installed upstream of the fuel pump to measure fuel flow rate. A miniature high precision fuel pump from Flight Works Inc. is installed to drive the engine to maximum shaft RPM at full throttle. As the fuel pump starts propelling fuel into the engine, the fuel flow will spin up a small turbine in the flow meter. An infrared sensor is mounted on to the flow meter and is oriented to allow interception of the infrared signal by the impeller, producing a certain pulse width and frequency. By calibrating the pulse frequency to the system of unit desired for the fuel flow rate readout using the manufacturer's specification, high accuracy fuel flow rate measurement can be recorded.
III. Sensors and Measuring Devices 1. Turbojet
Turboprop
A custom engine mount was fabricated by students which incorporate thrust measurement sensor and supply line placements. A slot have been machined out from two pieces of wood and then put together creating a hollow section in the rear support. This allows all supply lines and electronic wirings to be routed through the rear mounting leg into the lower section of the test bench and to be cleared from the high speed air behind the propeller. As illustrated in Figures 5, the turboprop engine is secured on a tripod like wood mount on the test bench next to the turbojet engine.
A voltage output strain gage type load cell was installed on the bottom plate of the engine mount to measure thrust. Figure 4 illustrates the placement of the load cell and the measurement technique being used. The thrust line, F1, above the pivot pins of the upper plate where the engine is mounted will create a moment that applies force, F2, directly onto the load cell. Using simple moment summation calculation, force F2 is obtained by dividing the product of force F1 and distance L1 by distance L2. Calibrating forces to linear voltage output from the load cell, thrust can be determined. To compensate for any forces lost to friction, calibrations were done by transferring dead weights forces parallel to the propeller thrust line through a pulley system. We have also used the setup to test the rigidity of the wood stand and up to 50 lbs of weight have been loaded. For the turboprop engine, a Hall Effect core shaft speed sensor comes with the kit and was installed. A thermocouple was also installed to measure the temperature of the exhaust gas downstream of the main turbine. In addition, a second thermocouple was used to measure the exhaust air temperature downstream of the second free turbine. A American Institute of Aeronautics and Astronautics 5 case pressure port was installed with a digital pressure gage to provide a digital readout from the computer. Also, a light sensitive propeller speed indicator was attached onto one of the "tripod" legs. Since a fuel flow meter was installed on the engine fuel supply line, the fuel supply can be switched between the turbojet and the turboprop engines. The arrangement of both the turbojet and the turboprop engines on the testing platform is shown in Figure  5 . 
IV. Lab Equipments
A. Control Room
The control room has been setup in a simple manner to help the students understand the functionality of each device and the connections made from the LabVIEW interface to the supplies in the test cell. A variety of power supply sources are needed to actuate different electric devices and sensors. As a result, numerous electrical and sensor wirings have be routed between the control room and the test cell. All wires carrying electric current are consolidated into a single multi-line shielded wire, which makes it easier for diagnostics or future expansion. A simple circuitry has been designed and soldered onto a circuit board to organize the relays used, thus preventing accidental disconnection or poor connections. For educational interests, these wirings are safety secured, insulated, and labeled for display.
Safety always comes first in all situations. There are different power supplies needed for different devices to operate the engine. Each power supply can be operated individually. To keep the level of safety up for operators and equipments, an immediate engine shut down can be executed by pushing down an emergency (mechanical) stop button, should an emergency occurs. Doing so will deactivate all energy supplies to the engine and shut the engine down. With all the controls and power supplies located in the control room, there is no need for the operator to enter the test cell during an emergency shut down.
As was noted earlier, if the engine startup is controlled manually, the engine operator need to respond quickly as the startup process only takes a few second. Sometimes, it is very easy to drive the engine out of the operating conditions. The need for a secondary control unit is crucial to ensure safety for both the operator and the equipment. By installing a Fadec ECU as a secondary control unit to the system, fuel enrichment through varying throttle setting can be stabilized. In case of parameter inconsistency, for instance, between the RPM and the EGT, the Fadec ECU will automatically shut down the engine.
Presence of a secondary engine safety control is also crucial to prevent costly damage to the engine when it is run by an inexperienced, first-time operator. This safety device is built into the Fadec ECU. This safety device is a system of "fuzzy logic" combined with an intelligent system that will adapt and learn the different engine parameters when it is in operation. In addition to the built-in safety feature, it also controls the fuel supply to the engine, to monitor engine performance making sure it is operating within the programmed specification through engine EGT, RPM and input throttle from LabVIEW.
The dual safety systems enable the students to operate the engine and conduct experiments in a safe environment that is conducive to learning and to yield a more productive and successful experience. 
B. Engine Test Cell
In the test cell, the MW 54 engines are mounted side by side on a test stand ( Figure 5 ). To enhance safety, a scatter shield of 0.25 inch thick steel surrounds the engine to contain any flying debris in the event of an engine failure. Also, a 0.5 in. thick steel plate is mounted in line with the turbine plane of rotation, and away from the line of sight in front of the control room window as a secondary protection. The top surface of the test stand, where the engines are mounted, is clear of any equipment.
In order to accommodate the supporting equipments, a lower deck has been installed on the test bench. A fuel pump, pneumatic valves, and other wiring are placed on the lower deck. The power line is routed to a junction box in one corner of the test bench for easy access and installation. The junction box functions as a source distributor that distributes electric power source in the multi-shielded line from the control room to different units. Individual lines within the multi-shielded line are shouldered into individual pins in a 25-pin parallel port adapter. The parallel connector is then linked to the junction box that contains a circuit board that will distribute the pins to the different wire connectors. Using wire connectors for the individual output wires will facilitate part replacement, as the junction box will not need disassembling to disconnect the wiring on the circuitry.
The individual data lines are connected directly to the sensors with shielded wire to decrease interference and noise caused by other devices. Care has been taken to place the data line far apart from the power line. Accurate measurement is vital to conducting research on engine performance in the future.
V. Data Acquisition
LabVIEW is a data acquisition software from National Instrument that can be used to develop graphical environment to acquire, analyze, and present data. Multiple LabVIEW programs have been developed in house to perform different tasks. One of the LabVIEW programs developed is the Engine Control Interface (ECI) (Figure 2 ) that will manage and measure all pneumatic valves, relays, and sensors. LabVIEW programs such as Engine Autostart Pilot (EAP) and Data Acquisition (DA) can be executed on demand through ECI. With the EAP and DA programs available, the need for engine start-up training and the immense manual data collections are reduced to a minimum level. Thus, consistency of the engine runs can be greatly enhanced.
Consolidating different controls into one ECI interface creates a more pleasant experience for students without the confusion and distraction of disorganized controls and displays. This will save precious time and lower maintenance cost in the future as repetitive runs can be reduced or even avoided.
Parameters displayed in the LabVIEW program are extracted out from the Fadec ECU with a RJ45 connector from the Fadec ECU to the computer through a serial port (RS-232) connection. This provides real time data to the DA, which is in sync with the Fadec ECU. When the operator is ready for data collection, the DA can be activated and real time data can be stored in text file format, which can be further manipulated using a generic spreadsheet application. Once data is collected, the DA can be deactivated. The throttle level on the Fadec ECU is controlled by LabVIEW to provide a more stable signal source as compared to the signal source from a wireless radio control. In case of a computer failure, the Fadec ECU will be able to detect and shut down the engine immediately to prevent a loss of control and other undesirable situation.
The students can direct the engine control system to obtain desired engine performance data. By altering different throttle level in LabVIEW, a signal containing the desired throttle is sent to the Fadec ECU. Through the Fadec ECU, the fuel pump power input will be regulated to control the pump performance. As a part of the chain reaction, the engine RPM will change, thus affecting the engine case pressure, EGT, and thrust output. The fuel pump power is controlled by the Fadec ECU "fuzzy logic" system correlating a 1024 step division to the fuel pump power supplied to the Fadec ECU. With a calibrated throttle level, the Fadec ECU will regulate the fuel pump power according to the throttle level desired, while monitoring the RPM and EGT as feed backs. With this feed back function, the Fadec ECU will be able to regulate fuel pump power in a more precise and controlled manner. LabVIEW will extract parameters fed back into the Fadec ECU along with the thrust measurement. This can then be stored into the data acquisition file.
VI. Results
A. Acquired Data analysis 1. Turbojet
The data recorded and their polynomial curve fits during a typical engine run lab section are shown in the following. More test data can be found in an earlier paper.
1 Data shown were taken from an up stroke of the fuel throttle and the ensuring down stroke. To assess the possible variation of engine performance, the throttle levels during each stroke are set such that the levels in the up stroke of one run are the same as the levels in the down stroke of the other run in the same group. Figure 6 thru Figure 9 show that the performance of the engine is very consistent in all four different runs. Variation of engine performance at lower shaft rotation speed is more apparent in the plot of Shaft Rotation Speed vs. Static Thrust (Figure 7 ) in comparison. Mechanical moments created from the thrust and opposite force from springs have created a coupled force on the slider. Friction on the slider rails increased preventing the sliding base to travel freely. While the shaft rotation speed is decreased during the down stroke of the throttle, friction prevented the slider to return to the exact position as of the up stroke of the throttle, thus, reducing data repeatability. Despite the variation, there is a definite pattern when the engine operates at other throttle levels. The EGT is usually high at idle and will gradually decrease as RPM is increased. The EGT will then pick back up a notch at the higher RPM. vanes, the manufacturer had managed to optimize the engine capability producing better engine performance. The static thrust, fuel flow, and exhaust gas temperature of the model that we received are lower compared to the manufacturer's data. With higher exit angle on the turbine guide vanes, more kinetic energy from the combusted gas was extracted and converted into turbine power, thus, resulting in cooler EGT and lower static thrust. As a result, case pressure is higher. The manufacturer acquired the fuel flow rate measurement by using the run time and fuel used. The engine were ran at a steady shaft rotation speed for a duration of time and the fuel used were weighted to calculate the fuel flow rate given in Figure 8 . Without taking into account the fuel used to start and spool to engine up to speed, error of such measurement will increase with higher shaft rotation speed as longer time will be required to achieve the desired speed. With the high precision infrared turbine flow meter, the present fuel flow data are believed to be more reliable.
Turboprop
Data were recorded on the up stroke of the throttle with an even increment. Increments of 10 percent throttle were used from 25 to 75 percent. Thereafter, 5 percent increments were used till 90 percent to increase the data's resolution. These sequences were repeated two different propellers of 24 inches in diameter with 12 inches and 8 inches of pitch respectively. The following plots shows data acquired from the turboprop engine with two different propellers and the turbojet data have been included for comparison.
A clear comparison of static thrust between the turbojet engine and the turboprop engine with different propeller size are shown in Figure 10 . The turboprop engine produces higher static thrust at all power settings compared to the turbojet engine. The high thrust is mainly caused by the large amount of air displacement by the large diameter propeller. Although the gas generators of the two engines are similar in design, the temperatures down stream of the main turbine T4.5 have large variation in the turbojet engine than in the turboprop engine, as shown in Figure 11 . Since the turboprop has a turbine with blades of higher angle compared to the turbojet, temperature at T4.5 of the turboprop are lower than the turbojet with the core rotation speed less then 130,000 RPM. After 130,000 RPM, the turboprop uses significantly more fuel, therefore, higher T4.5. Figure 12 shows the fuel consumption of the two different engines. 7% of the fuel from the main supply line is used for lubrication and cooling of the ceramic bearings on the second turbine. Operating with a different turbine, the gas generator uses up to 33% more fuel compared to the turbojet engine. However, the turboprop also produces three times more power then the turbojet at maximum thrust. For a better comparison, thrust specific fuel consumption (TSFC) for both the engine have been computed 2 and compared in Figure 13 . The turboprop consistently operates at a lower TSFC than the turbojet. Figure 14 shows a comparison of the propeller rotation speeds for the different propellers. At the same core rotation speed or fuel consumption, the propeller 2408 operates at slightly higher speed. With lower pitch angle, the propeller 2408 rotates faster and produces similar performance to the 2412. This can also be seen in Figure 15 . Similarly, it can be said that with different angles of attack on the propeller, it requires different torque to overcome drag forces from the propeller blades.
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VI. Concluding Remarks
The development of the mini turbojet and turboprop engines and the propulsion test cell offers students the opportunities to apply the knowledge that they acquired in the lecture room to hands-on, real life engine operations. The two turbine engines require little maintenance. They meet the jet propulsion laboratory needs at minimal cost. Flexibility of the turboprop engine allows the use of propellers of various sizes to help students understand the concept of energy transfer, although more sensors will be needed to allow for full parametric cycle analyses on both engines. The current setups provide a framework from which future improvement can be made. The propulsion laboratory enriches the aeropropulsion education at WMU.
